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ABSTRACT 

We obtain lithium abundances for G and K stars in Blanco 1, an open cluster 
with an age similar to, or slightly younger than, the Pleiades. We critically examine 
previous spectroscopic abundance analyses of Blanco 1 and conclude that while there 
were flaws in earlier work, it is likely that Blanco 1 is close in overall metallicity to 
the older Hyades cluster and more metal-rich than the Pleiades. However, we find 
Blanco 1 has Li abundances and rotation rates similar to the Pleiades, contradicting 
predictions from standard stellar evolution models, in which convective pre-main 
sequence (PMS) Li depletion should increase rapidly with metallicity. If the high 
metallicity of Blanco 1 is subsequently confirmed, our observations imply (1) that a 
currently unknown mechanism severely inhibits PMS Li depletion, (2) that additional 
non-standard mixing modes, such as those driven by rotation and angular momentum 
loss, are then responsible for main sequence Li depletion between the ages of Blanco 
1 and the Hyades, and (3) that in clusters younger than the Hyades, metallicity plays 
only a minor role in determining the amount of Li depletion among G and K stars. 
These conclusions suggest that Li abundance remains a useful age indicator among 
young (< 700 Myr) stars even when metallicities are unknown. If non-standard mixing 
is effective in Population I stars, the primordial Li abundance could be significantly 
larger than present day Population II Li abundances, due to prior Li depletion. 



Subject headings: stars: abundances - stars: late-type - stars: interiors - open clusters 
and associations: individual: Blanco 1 



1. Introduction 



Lithium is of great importance in the study of stellar interiors, and cosmology. The primordial 
Li abundance, Li p , constrains models of big bang nucleosynthesis and the value of the baryonic 
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density (e.g. Boesgaard & Steigman 1985, Bonifacio & Molaro 1997). Li p is estimated to be 
A(Li) = 12 + log[iV(Li)/iV(H)] = 2.2 - 2.3, from observations of Li in Population II stars, if 
the observed Li is almost unaltered from Li p (e.g. Spite & Spite 1982, Bonifacio & Molaro 
1997). -A(Li) in the youngest stars and in meteorites is 3.2-3.3 and while ongoing Galactic Li 
enrichment processes are possible, there is growing evidence that Li in Population II stars has 
been depleted from Li p (Deliyannis & Ryan 1997, Boesgaard et al. 1998). Depletion could occur 
because Li is destroyed in p,a reactions at only 2.4 x 10 6 K. "Standard" stellar evolution models, 
incorporating only convective mixing, predict almost no Li depletion in Population II stars (e.g. 
Deliyannis, Demarque & Kawaler 1990), because of their low metallicities and thin convection 
zones (CZs). However, models incorporating "non-standard" mixing, such as microscopic diffusion 
and turbulence driven by angular momentum loss and differential rotation, predict significant Li 
depletion (Pinsonneault, Deliyannis & Demarque 1992, Chaboyer & Demarque 1994). Li p could 
then be an order of magnitude greater than present day Population II Li abundances. 

Observing Li in the cool stars of young open clusters is an excellent way of exploring the 
physics of non-standard stellar mixing. Li enrichment processes can be neglected and rapid 
AML as stars reach the ZAMS is likely to make Li depletion due to non-standard processes 
more dramatic (Pinsonneault 1997 [P97]). Standard models reproduce the decline of Li with 
decreasing mass and increasing CZ depth in open clusters, but have difficulty explaining the 
spread in Li abundance among the cool stars of the Pleiades (age 100 Myr - Meynet, Mermilliod, 
k, Maeder 1993), or why Li depletion apparently continues between the Pleiades and Hyades (age 
700 Myr), despite CZ bases being too cool to burn Li in G/K stars once they reach the ZAMS 
(Soderblom et al. 1993 [S93], Thorburn et al. 1993 [T93]). One hypothesis is that revised OPAL 
opacities (Rogers & Iglesias 1992) and the metallicity difference between the Pleiades and Hyades 
([Fe/H]= -0.034 ± 0.024 for the Pleiades and +0.127 ± 0.022 for the Hyades - Boesgaard & Friel 
1990 [BF90]) can explain the extra Li depletion and that no non-standard main-sequence (MS) 
mixing is required (Swenson et al. 1994a,b [S94a,b]). Increased metallicity leads to deeper CZs 
and increased standard pre-main sequence (PMS) Li depletion in the Hyades. Apparent scatter 
in the Pleiades Li abundances may be caused by small metallicity differences or an imperfect 
treatment of inhomogeneous stellar atmospheres (Stuik, Bruls & Rutten 1997). However, standard 
models are still in trouble because they cannot explain the solar -A(Li) of 1.16 ± 0.10, two orders 
of magnitude below stars of similar mass and metallicity in the Pleiades. Non-standard models 
predict extra Li depletion during MS evolution and might explain the solar and Hyades data, 
but predict little extra PMS depletion and cannot explain the Pleiades Li dispersion (Chaboyer, 
Demarque &; Pinsonneault 1995 [C95]). To counter this, and address a correlation between reduced 
Li depletion and rapid rotation in the Pleiades (S93), Martin & Claret (1996 [MC96]) suggest 
structural changes in fast rotators lead to inhibited PMS Li depletion. Alternatively, Ventura et 
al. (1998) [V98] suggest that PMS depletion using turbulent convective models can account even 
for the solar Li depletion and that depletion inhibition in fast rotating stars could be accomplished 
with dynamo generated magnetic fields at the CZ base. 
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To isolate the importance of non-standard mixing, we have obtained Li abundances for 
G and K stars in Blanco 1, a cluster with a similar age (50-100 Myr) to the Pleiades, but a 
spectroscopically determined metallicity that has been reported to be greater than the Hyades 
([Fe/H]= +0.23 - Edvardsson et al. 1995 [E95]), although we discuss this point at some length 
in this paper. Current standard models predict more Li depletion than in the Hyades, but if the 
suggestions of MC96 or V98 are correct, there may be a rotation-rate dependent scatter above 
this low level. Some observations of Li from low resolution spectra have been presented previously 
by Panagi & O'Dell (1997). Their data were seriously incomplete and of relatively low signal to 
noise (S/N), but did seem to suggest that there may be at least some G and K stars in Blanco 1 
with as much Li as the Pleiades and considerably more than the Hyades. 

2. Observations and Results 

G and K stars in Blanco 1 were selected from photometric candidates in Panagi & O'Dell 
(1997). We emphasize that these were chosen on the basis of their position in the colour-magnitude 
diagram (CMD); not their chromospheric activity, which might have biased the sample towards fast 
rotators. High resolution spectroscopy was obtained using the 3.9-m Anglo Australian Telescope 
with the University College London Echelle Spectrograph on the nights of 20-21 September 1997. 
A 79 lines/mm echelle was used with a 1024x1024 Tektronix CCD as the detector. Partial order 
coverage from about 5400A to 8400A was obtained. A 1.2 arcsec slit projected to three 24fim 
pixels, giving an effective resolution of 0.15A. Exposure times were 800 s to 3000 s, giving an 
optimally extracted S/N of ~ 30 per pixel around the Li I 6707.8A feature. Data reduction and 
analysis were performed in a similar way to that described in James & Jeffries (1997 [JJ97]) and 
only brief details are provided here. 

Heliocentric radial velocities (RV) and projected equatorial velocities (v e sin i) were obtained 
by cross-correlation with IAU RV standards and slowly rotating stars of similar spectral type (see 
JJ97). Errors in RV were ±(0.2-2) kms -1 , depending on v e sin i. v e sin i was determined to ~ 10 
percent down to a lower limit of 5 kms -1 , set by the instrumental resolution and S/N. In this 
paper we concentrate on the 17 stars (out of 33 observed) which remain, after iteratively rejecting 
stars that are more than 1.6a away from the weighted mean, after adding a typical true cluster 
dispersion of 0.7 kms -1 in quadrature to their RV errors (Rosvick, Mermilliod & Mayor 1992). 
The final cluster weighted mean RV we adopt is 5.0 ± 0.2 kms -1 . The extra external zero point 
error, based on the RV standards HR1829, HR6349 and HR6970, is probably less than about 
0.5 kms" 1 . Our mean RV is similar to the S^iO^kms" 1 deduced by E95, although see section 3 
for a discussion of their adopted membership criteria. Data for the candidate RV members are 
presented in Table 1. Data for the other 16 RV non-members are given in Table 2. 

The equivalent widths (EWs) of the Li I 6707.8A (unresolved) doublet were calculated by 
subtracting the spectra of old, Li-depleted standard stars (see JJ97 for details) of similar spectral 
type (broadened if necessary) and integrating the residual Li feature over ±(v e sin % + the FWHM 
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of an unresolved line). This has the effect of removing (at least to first order) any contribution 
from a nearby Fel line at 6707. 44A. LTE Li abundances were calculated by interpolating the curves 
of growth given by S93. NLTE corrections were applied to these using the code of Carlsson et 
al. (1994). Effective temperatures were derived from photometry using the metallicity dependent 
Saxner & Hammarback (1985 [SH85]) calibration for (B — V)o < 0.64. For cooler stars we apply 
the Bohm-Vitense (1981) solar metallicity calibration, modified for metallicity in the same way as 
the SH85 relation. This is an approximation, but agrees reasonably well with theoretical results for 
cool stellar atmospheres (Kurucz 1993). B — V values were taken from the photographic values of 
de Epstein & Epstein (1985) or from the photoelectric measurements of Westerlund et al. (1988) 
if available. For Blanco 1, a reddening of E(B — V) = 0.02 and [Fe/H]= +0.14 were assumed 
(see section 3.1). Errors in these assumed values have some affect on the derived Li abundances. 
However, changing the metallicity, reddening or effective temperature scale essentially shift the Li 
abundances along the direction of the trend in the data and models (see Fig. 1) and are therefore 
not crucial in judging the overall depletion of Li in Blanco 1 with respect to models or other 
clusters. The assumed metallicity is of course vital in discussing the significance of this depletion 
as we will shortly see. 

Because most stars have only photographic photometry we checked for systematic errors by 
plotting a CMD of the probable cluster members. There are no systematic deviations from a 
ZAMS locus, indicating that the colour calibration is adequate. We also estimated EWs for many 
weak neutral metal lines in the RV orders of the probable cluster members. The scatter around a 
smooth EW-T e fj relation is consistent with the EW errors if the photographic B — V indices have 
errors of ±0.03, in agreement with the estimates of de Epstein & Epstein (1985). Errors in the 
photoelectric B — V indices are assumed to be ±0.01. Table 1 contains the magnitudes, colours, 
measured and derived quantities for our sample of RV cluster members. Stars are identified with 
the ZS numbers given them by de Epstein & Epstein. Table 2 contains the same data for the RV 
non-members, although note that if their reddening or metallicity values are not consistent with 
Blanco 1, then the Li abundances will be in error. There is some evidence from Li abundances 
and also magnetic activity (Panagi & O'Dell 1997), that several of these stars probably are cluster 
members in binary systems - for instance ZS83, ZS 154 and ZS 165. As we have only one RV 
measurement for these objects we cannot be sure, and we defer a full discussion of these objects 
to a later paper. Fig. 1 shows the Li abundances of the RV members in Blanco 1 compared with 
abundances in the Pleiades and Hyades. Li I 6707.8A EWs and B — V values for these clusters 
were taken from S93, T93, Boesgaard & Budge (1988) and Soderblom et al. (1995) and converted 
to abundance in the same way as the Blanco 1 data, assuming the metallicities quoted in section 1. 

The G and K stars of Blanco 1 have Li abundances at a similar level to the Pleiades and show 
considerably less depletion than the Hyades. There is also a scatter in the Li I 6707. 8A EW, B — V 
relationship among the K stars of Blanco 1, which is similar to that in the Pleiades. This large 
dispersion could not be caused by photometry errors alone. This is illustrated in Fig. 2 where we 
show normalized spectra for ZS 44 and ZS 243 and the difference between them. All the spectral 
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features except Li I have cancelled out. We believe that whatever is responsible for the apparent 
dispersion in the Pleiades Li abundances is also at work in Blanco 1. 

For the 14 stars in Table 1 with (0.72 < B-V) < 1.04, there are 8 with v e sin i < 6kms _1 , 3 
with 6 < v e sin i < lOkms -1 and 3 with v e sin i > lOkms" 1 . Queloz et al. (1998) present resolved 
v e sin i measurements for several hundred cool Pleiades stars. There are ~ 45 percent of Pleiads 
in a similar (B — V)q range with v e sin i < 6kms _1 , 30 percent with 6 < v e sin i < lOkms -1 and 
the rest have v e sin i > lOkms -1 with a small tail extending to ~ 100 km s -1 . In the Hyades the 
true equatorial velocities for stars in this colour range lie in a narrow band of 3-5 km s -1 (Radick 
et al. 1987). The Blanco 1 late G and K stars are reasonably consistent with the Pleiades v e sin i 
distribution and there are enough fast rotators for us to claim that spin down to the Hyades 
distribution is required. We have v e sin i in too few early G stars to make a sensible comparison 
with the Pleiades, but with v e sin i = llkms -1 , ZS 58 rotates faster than any similar star in the 
Hyades. 

3. Discussion 

The interpretation of the Blanco 1 Li data depends upon the assumed age and crucially, the 
assumed metallicity. The age of Blanco 1 is uncertain because of a sparse upper main sequence. 
Age estimates range from 50Myr (de Epstein & Epstein 1985), based upon fitting the positions 
of high mass members in the Hertzsprung-Russell diagram, to 90 ± 25Myr (Panagi & O'Dell 
1997), based upon the chromospheric activity exhibited by its K dwarfs. In either case, the lowest 
mass stars considered here are old enough to have undergone their entire PMS Li depletion (e.g. 
D'Antona Sz Mazzitelli 1994). For that reason we compare Blanco 1 with the slightly older, 
but well studied Pleiades cluster, although there would be no change in any of our arguments 
were we to compare it with the younger Alpha Persei cluster (age 52Myr - Meynet et al. 1993, 
[Fe/H]= —0.057 ± 0.051 - BF90), which has an almost identical Li depletion pattern to the 
Pleiades (Balachandran et al. 1988, 1996). If we were to assume that the [Fe/H] values for Blanco 
1, the Hyades and Pleiades are +0.23 (or +0.14 - see section 3.1), +0.127 and —0.034 and that 
all other elements scale with solar abundances, then our results would have profound implications 
for PMS Li depletion/preservation and non-standard MS mixing (see below). If for some reason 
though, the metallicity of Blanco 1 has been over-estimated and is closer to the solar value, then 
it would be no surprise to see a Li depletion pattern similar to the Pleiades. 

3.1. The cluster metal abundances 

The conclusions of this paper are crucially dependent on the relative abundances of Blanco 1, 
the Pleiades and Hyades. The Pleiades and Hyades [Fe/H] values we adopt are from high resolution 
spectroscopy performed by BF90 and consistent results were published by Cayrel, Cayrel de 
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Strobel & Campbell (1985) and Boesgaard (1989). About 15 Fel lines were used, T e g was derived 
for the Pleiades from uv by and B — V photometry and based upon the SH85 calibrations. For 
the Hyades, the Cayrel et al. (1985) T e Q,V — K calibration was adopted. A \ogg of 4.5 and 
microturbulence, \i ~ 1.1 — 1.4 kms -1 , were assumed. 14 well known F dwarf members of the 
Hyades and 12 F dwarfs in the Pleiades yielded [Fe/H] values of +0.127 ±0.022 and -0.034 ±0.024 
respectively. The spectroscopic abundance analysis of Blanco 1 was performed by E95 with high 
resolution, high s/n spectra of only four F stars in the cluster. They found [Fe/H]= ±0.23 ± 0.01 
(p.e.) and an average metallicity for iron peak elements [M/H]= ±0.18 ± 0.04. Both neutral and 
ionized Fe lines were used to check T e g values derived from uvby photometry and the calibration 
of Edvardsson et al. (1993). A logg of 4.5 and microturbulence, fx =2.0-2.5 kms -1 , were assumed. 

The two primary areas of concern that must be addressed before we can safely accept the 
abundances of E95 are (i) the differences in the assumed temperature scales and fx between their 
work and the investigations of BF90 for the Hyades and Pleiades and (ii) whether the 4 F dwarfs 
chosen by E95 are actually members of the Blanco 1 cluster. 

If the jJL adopted for the Hyades and Pleiades were used for Blanco 1 then even higher metal 
abundances would be deduced. However, T e g would also have to be reduced by 600 K to keep 
abundances derived from lines with different excitation energies constant (E95). This would be 
very inconsistent with the photometric T e g- values and yield very different abundances for neutral 
and ionized lines. As BF90 measured line EWs which were almost independent of fi, it seems more 
likely that their \x could be increased to match that assumed for Blanco 1 with little difference in 
the relative abundances. An interesting comparison of the temperature calibrations used in these 
papers is presented by Balachandran (1995). The T e g values used for the Hyades by BF90, based 
on the Cayrel et al. (1985) calibration, are similar to the E95 temperatures for the same b — y at 
~ 6800 K, but about 50 K cooler at ~ 6300 K. The Cayrel et al. temperatures match the SH85 
temperatures used by BF90 for the Pleiades at ~ 6300 K but are 150 K hotter at 6800 K. Because 
the Blanco 1 F stars are hotter on average than the F stars used to obtain metallicities in the 
Pleiades and Hyades, we estimate that if all these stars were placed on a uniform temperature 
scale (the SH85 scale for instance), then the Blanco 1 metallicities should be reduced by about 
0.09 dex, the Hyades metallicities should be reduced by only ~ 0.03 dex and the Pleiades would 
remain the same (see E95 or Balachandran 1995 for example calculations). Thus even with these 
modifications it would still seem likely that Blanco 1 was more metal rich than the Pleiades 
and probably than the Hyades as well. We also note that a reduction of 150 K in the Blanco 1 
temperatures would increase the [Fe/H] derived from ionized lines and bring them into better 
agreement with the results from neutral lines. The results in Tables 1, Table 2 and Fig.l therefore 
assume that [Fe/H]= ±0.14 for Blanco 1. 

A second possible problem is that the four F stars chosen by E95 to represent the Blanco 1 
cluster may have questionable cluster membership credentials. A number of flaws in the reasoning 
of E95 in selecting these stars can be found and to aid this discussion we refer the reader to Tables 
2 and 6 in E95. First, membership is assigned on the basis of distance moduli, RV and chemical 
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abundance. The latter is circular reasoning - two stars in E95's sample are excluded (ZS 28 and 
ZS 60) because they have near solar abundances, but are otherwise excellent candidate members. 
For ZS60, which has an [Fe/H] of +0.02, E95 suggest that rotational broadening may have caused 
under-estimates of line EWs, but there is no proper justification given for excluding ZS 28, which 
has an [Fe/H] of +0.10. Secondly, unweighted averages are taken of RV measurements from 
different sources with different errors. These are then used to try and find a common cluster 
RV, in much the same way as we have done in this paper but with fewer stars. Two of the 
four stars finally selected as members are RV variables (ZS 70 and ZS 125) and the average RV 
for these objects has been found from only three measurements. It could be argued that of the 
stars with stable and consistent RVs, the most likely members in E95 are ZS 8, ZS 28 and ZS 60, 
with an average RV of 4.8 km s" 1 that is similar to the mean RV derived in this paper, although 
ZS 8 was ruled out on the grounds of its distance modulus. The two single stars selected as 
members by E95 are ZS 47 and ZS 63 which have weighted mean RVs of 0.4 km s" 1 and 3.8 km s" 1 
respectively. Neither of these would have been selected as single cluster members according to the 
criterion adopted by us in the last section (although considering possible external errors, ZS 63 is 
a reasonable candidate). If in fact ZS28 and ZS60 are true cluster members and ZS47, ZS63, 
ZS 70 and ZS 125 were not, then it might be possible that Blanco 1 has a nearly solar metallicity. 

While the above problems should rightly be pointed out and lead us to be cautious in our 
conclusions, we believe there are two final pieces of evidence that do support a high metallicity 
value for Blanco 1. Firstly, the eight Population I F stars studied by E95 have very small internal 
[Fe/H] errors of only ~ 0.01 — 0.04 dex, based upon between 11 and 51 individual lines. Six of these 
stars, including the four classified as members by E95 plus ZS 57 with a varying radial velocity and 
ZS8 with a discrepant distance modulus, have [Fe/H] within 2a of +0.23. Recalling that RV alone 
is not a foolproof way of selecting all cluster members, because of the possibility of SB1 systems 
(which would display the same [Fe/H] - E95), this clustering of the [Fe/H] values within a range 
much smaller than the general spread of abundances seen in field F stars is an unlikely coincidence 
unless the stars are genuinely physically associated. Secondly, we have checked for proper motion 
information in the Hipparcos catalogue (Perryman et al. 1997) in the region of sky around the 
Blanco 1 cluster. A number of bright B, A and F stars have proper motions and there is a clear 
cluster present in the fx a cos 5 vs fis plot (see Fig. ||) . Only two of the Population I F stars with 
abundances in E95 have proper motion data and they are labelled in Fig. ||. ZS 47 is classified as 
a member by E95, with [Fe/H]= +0.25 ± 0.04. ZS28 is unconvincingly classified as a non-member 
by E95 because of its lower [Fe/H] of +0.10 ± 0.02 (see above). However, the evidence from the 
proper motions in Fig. 3 supports these classifications. ZS 47 is an excellent cluster candidate, 
whereas ZS28 is about lOmas/yr (and many a) away from the apparent cluster proper motion, 
where lmas/yr corresponds to ~ 1.2 kms -1 at the distance of Blanco 1. 
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3.2. The possible consequences of the Blanco 1 Li abundances 

If we take the view that Blanco 1 has an [Fe/H]~ +0.14 (assuming the SH85 temperature 
scale) compared to a Hyades [Fe/H] of ~ +0.10 and a Pleiades [Fe/H] of -0.03, then the data in 
Fig. 1 present severe problems for standard evolutionary models. According to all these models 
(e.g. D'Antona & Mazzitelli 1994, S94a,b, C95, P97, V98), the G and K stars of Blanco 1 should 
have suffered more PMS Li depletion than either the Pleiades or Hyades because of their higher 
metallicity and thicker CZs. We could then draw the following conclusions: 

(1) A mechanism for inhibiting PMS Li depletion is required. Standard Li depletion isochrones 
for [Fe/H]= +0.15 are given by P97 (see Fig.l). PMS Li depletion is 0.3 to 1.0 dex greater than 
seen in Blanco 1 at 5000-5300 K, with perhaps less difference at higher temperatures. If [Fe/H] is 
larger than +0.14 for Blanco 1, or the full spectrum turbulence convective model is adopted (V98) 
or one assumes the Hyades define an empirical standard Li depletion isochrone for [Fe/H]= +0.127 
(S94a,b), then these discrepancies are even larger. Therefore, inhibited PMS Li depletion is 
needed to explain the Blanco 1 results. We believe the mechanism of MC96, involving structural 
changes caused by rapid rotation is not favoured. The slowest rotators in clusters should be almost 
unaffected and would have approximately the PMS Li depletion predicted by standard models. 
While this could be the case for the Pleiades it is not for Blanco 1. Suppression of convection by 
dynamo generated magnetic fields at the CZ base holds more promise (V98), as even the slowest 
rotators in young clusters like the Pleiades and Blanco 1 are magnetically active. 

(2) Extra mixing and Li depletion is required whilst stars are on the MS, if one is to explain 
how Li in Blanco 1 can evolve to resemble the depletion pattern seen in older clusters with similar 
or lower metallicity. The required depletion increases as the mass decreases and must be > 2 
orders of magnitude in ~ 600 Myr at 5200 K. Standard convective mixing should be ineffective on 
the MS for T e g- > 4700 K, but non-standard models incorporating diffusion and rotational mixing 
can provide extra depletion (Charbonnel et al. 1994, C95). If non-standard mixing is effective in 
young open clusters, then it would seem likely that the same physics will operate in halo stars, 
with consequences for the determination of Li p from Population II Li abundances. For instance, 
Chaboyer & Demarque (1994) show that changing from standard to non-standard models (with 
the same input physics as C95) requires an increase in Li p from -A(Li) = 2.2 to ~ 3.0 in order to 
account for present day Population II Li abundances. 

(3) Metallicity is a less important parameter than age in determining the level of Li in young 
G and K stars, contrary to the predictions of standard models where the level of Li depletion 
should be "frozen in" at a metallicity dependent ZAMS level. This conclusion is now supported by 
data from a number of open clusters (see P97 for a review and Jeffries, James Sz Thurston 1998) 
with ages between 30 Myr and 700 Myr. Although much of the cluster metallicity information is 
uncertain or determined from photometry, the trend is clearly of increasing depletion with age and 
there are no exceptions to this. Metallicity may be apparent as a second order effect as clusters 
become older. There is evidence of metallicity dependent Li differences between the Hyades, 



-9- 



Praesepe and NGC 6633 at 600-700 Myr (Jeffries 1997). Such differences would be expected from 
non-standard mixing, which depends on the distance between CZ bases and the depth at which 
effective Li burning commences (C95). The lack of metallicity dependence in younger stars means 
that compositional inhomogeneities could not explain star to star scatter of Li abundances in stars 
of the same age and that Li abundance remains a reasonable age estimator for young (< 700 Myr), 
cool Population I stars with unknown metallicity. 

There are however two caveats that must be addressed before these conclusions can be 
confidently accepted. The first is the lingering doubts about the metal content of Blanco 1, which 
have been partially assuaged above, but really necessitate an extensive study of F stars in the 
cluster to remove the remaining uncertainties. Until that is done, one could still take the point 
of view (ignoring the results of E95 in the process) that the standard models of Li mixing and 
depletion are largely correct and that our results for Blanco 1 actually demonstrate that the 
cluster has a near solar metallicity! 

A second possibility which could also be addressed with new, high resolution F star 
observations is that S94a show that knowledge of [Fe/H] alone, does not necessarily lead to 
accurate predictions of PMS Li depletion in standard models. Si, Ne and O are also major sources 
of opacity at depths important for Li depletion. S94b cite a private communication from J. R. 
King (1993) that [O/H] for the Hyades is +0.265 ± 0.05 and show that this leads to 0.4 dex more 
PMS Li depletion at 5200 K compared with a model for which [O/H] = [Fe/H] . If, unlike Fe, the Si, 
Ne and O abundances in Blanco 1 were similar or less than those in the Pleiades, then it may yet 
be possible to explain the observed Li depletion patterns in terms of standard models. The only 
one of these abundances we have is [Si/H]+0.13 ± 0.05 for Blanco 1 (which should be reduced to 
+0.07 if we use the SH85 T c g- calibration - E95), which is smaller than [Fe/H], but not as small as 
[Fe/H] in the Pleiades. 



4. Summary 

Examining the assumptions behind the metal abundance determinations in Blanco 1, the 
Hyades and Pleiades, we conclude that Blanco 1 is probably metal-rich with respect to the Pleiades 
and more similar to the Hyades. If this can be confirmed, standard (convective mixing only) 
evolutionary models predict that the Blanco 1 G and K stars should have suffered even more PMS 
Li depletion than the Hyades. Our observations show that the Li abundances and rotation rates 
in Blanco 1 are similar to the Pleiades and much higher than the Hyades. To explain this would 
require mechanisms that inhibit PMS Li depletion and then provide non-standard mixing and Li 
depletion whilst stars are on the MS. The extra mixing must cause Li depletion amounting to at 
least 2 orders of magnitude at 5200 K in 600 Myr, but less at higher temperatures. The rotational 
mixing models proposed by a number of authors seem capable of providing this. These findings 
could also be good news for the use of Li as an age indicator in field stars. For stars younger 
than the Hyades, modest metallicity differences do not seem to result in large differences in Li 
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depletion. Finally, if non-standard mixing is/was at work in Population II stars then the primordial 
Li abundance could be significantly higher than their presently measured Li abundances, with 
consequences for big bang nucleosynthesis and the baryonic density. 

We add a note of caution to these conclusions that there are still some question marks over 
the metallicity determination in Blanco 1 and it is also possible that non-solar abundance ratios of 
Fe, O, Si and Ne may yet make the Li depletion pattern of Blanco 1 more consistent with standard 
evolution models. There is an urgent need for detailed high resolution observations of a number of 
F/G stars in Blanco 1 in order to address these issues. 

We thank the Director and staff of the Anglo- Australian Observatory for their assistance in 
collecting the data. Computational work was done at the Keele and St Andrews Starlink nodes, 
funded by the UK Particle Physics and Astronomy Research Council. We thank an anonymous 
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Table 1. Observed and derived parameters for RV members of Blanco 1 



Star a 


V b 


B- V b 


v e sin i 


RV 


Li I 6708A 


rj-i C 

Jeff 


A(Li) 








(kins" 1 ) 


(kins" 1 ) 


EW (mA) 


(K) 




ZS31 


12.43 


0.75 


69.4 ±5.0 


1.7 ±2.0 


232 ± 13 


5571 


3.08 ±0.10 


ZS38 


13.63 


1.00 


69.1 ±6.0 


5.5 ±2.0 


162 ± 18 


4988 


2.27 ±0.11 


ZS 44 


13.19 


0.86 


5.5 ±1.5 


5.2 ±0.2 


269 ±8 


5303 


3.03 ± 0.08 


ZS45 


12.76 


0.84 


5.6 ±0.6 


5.2 ±0.2 


207 ±5 


5349 


2.79 ±0.08 


ZS 58 


12.15 


0.68 


11.0 ±0.7 


4.7 ±0.4 


192 ±5 


5766 


3.06 ± 0.08 


ZS61 


13.51 


0.93 


56.8 ±5.0 


3.7 ±2.0 


212 ± 15 


5145 


2.62 ±0.10 


ZS70 


13.51 


0.93 


< 5.0 


4.9 ±0.2 


85 ±7 


5145 


2.01 ±0.09 


ZS75 


12.79 


0.94 


< 6.0 


4.9 ±0.2 


134 ±6 


5122 


2.26 ±0.08 


ZS93 


13.92 


0.98 


< 5.0 


5.2 ±0.2 


81 ± 11 


5033 


1.88 ±0.11 


ZS102 


12.50 


0.77 


7.3 ±0.7 


5.0 ±0.2 


141 ±7 


5519 


2.65 ±0.05 


ZS112 


13.02 


0.90 


< 5.0 


4.6 ±0.2 


185 ±6 


5212 


2.57 ±0.07 


ZS135 


13.52 


0.97 


6.7 ± 1.3 


5.7 ±0.3 


178 ± 10 


5056 


2.40 ±0.08 


ZS 141 


11.96 


0.68 


6.4 ±0.4 


5.2 ±0.2 


147 ±5 


5766 


2.86 ±0.08 


ZS 147 


13.26 


0.91 


< 5.0 


4.6 ±0.2 


160 ±7 


5189 


2.44 ± 0.08 


ZS158 


13.47 


1.05 


< 5.0 


5.4 ±0.2 


116 ± 10 


4875 


1.92 ±0.09 


ZS182 


11.72 


0.63 


7.8 ±0.7 


5.0 ±0.2 


134 ±8 


5941 


2.94 ±0.05 


ZS243 


13.02 


0.82 


< 5.0 


5.5 ±0.2 


154 ±8 


5397 


2.60 ±0.08 



identifier used by de Epstein & Epstein (1985) 

b Photometry from Westerlund et al. (1988) for ZS 102 and ZS 182 or de Epstein & 
Epstein (1985) otherwise 

c T cff assumes that E(B - V) = 0.02 and [Fe/H]= ±0.14 (see text) 
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Table 2. Observed and derived parameters for RV non-members or possible spectroscopic binary 

members of Blanco 1 



Star a 


V h 


B- V h 


v e sin i 


RV 


Li I 6708A 


rri C 
Jeff 


A(U) 








(kms- 1 ) 


(kms^ 1 ) 


EW (mA) 


(K) 




ZS67 


11.86 


0.71 


< 5.0 


28.0 ±0.2 


45 ± 12 


5679 


2.15 ±0.13 


ZS83 


12.50 


0.92 


6.8 ± 1.1 


8.9 ±0.3 


134 ±7 


5167 


2.30 ±0.08 


ZS100 


12.49 


0.88 


< 5.0 


10.7 ±0.3 


134 ±11 


5258 


2.38 ±0.09 


ZS113 


12.92 


0.86 


< 5.0 


-8.6 ±0.2 


< 26 


5303 


< 1.59 


ZS151 


13.03 


0.87 


< 5.0 


18.4 ±0.6 


< 22 


5281 


< 1.49 


ZS153 


12.38 


0.73 


< 5.0 


-13.6 ±0.2 


23 ±8 


5624 


1.81 ±0.20 


ZS154 


13.36 


0.95 


< 5.0 


7.2 ±0.2 


126 ±9 


5100 


2.20 ±0.09 


ZS165 


12.40 


0.90 


< 7.0 


0.8 ±0.2 


141 ±7 


5212 


2.37 ±0.08 


ZS175 


13.60 


1.00 


< 5.0 


12.3 ±0.2 


< 30 


4988 


< 1.35 


ZS180 


11.77 


0.62 


< 5.0 


-1.5 ±0.2 


36 ±6 


5976 


2.28 ±0.11 


ZS186 


12.22 


0.75 


< 5.0 


-0.2 ±0.2 


27 ±5 


5571 


1.84 ±0.10 


ZS187 


13.87 


0.99 


< 5.0 


1.6 ±0.2 


< 18 


5011 


< 1.14 


ZS195 


11.82 


0.66 


< 5.0 


3.4 ±0.3 


64 ± 12 


5827 


2.44 ±0.11 


ZS228 


13.24 


0.87 


< 5.0 


32.7 ±0.3 


< 30 


5280 


< 1.63 


ZS234 


13.04 


0.91 


< 5.0 


-16.3 ±0.3 


< 20 


5190 


< 1.36 


ZS239 


12.50 


0.89 


< 5.0 


9.0 ±0.2 


32 ±6 


5235 


1.61 ±0.11 



identifier used by de Epstein & Epstein (1985) 

b Photometry from Westerlund et al. (1988) for ZS67, ZS 186 and ZS 195 or de Epstein & 
Epstein (1985) otherwise 

c T cff assumes that E(B - V) = 0.02 and [Fe/H]= ±0.14 (see text) 
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Fig. 1. — NLTE lithium abundances, -A(Li), for Blanco 1 (filled circles), the Pleiades (open circles) 
and Hyades (triangles). The solid lines are standard 100 Myr Li depletion isochrones from P97, 
assuming the initial ^4(Li) for Population I stars is 3.2. The -A(Li) errors for Blanco 1 incorporate 
both EW and T e g- errors. 

Fig. 2. — Normalized spectra around the Li I 6708A line for ZS44 and ZS243 and the difference 
between them. The central plot has been offset by -0.5. 

Fig. 3. — Proper motions from the Hipparcos catalogue (Perryman et al. 1997) for stars within 
120 arcmin of a nominal Blanco 1 cluster center of 00h02m30s, -30dl5m00s (B1950.0). Five stars 
lie beyond the borders of the plot. The insert shows a magnification of the central region of the 
plot. The two stars marked are discussed in the text. 
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